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Attenuated  total  reflection  Fourier  transform  infra- 
red  spectroscopy  of  hydrated  films  of  the Neurospora 
crmsu plasma  membrane  H+-ATPase  has  been  used to 
monitor  the  a-helix  and  P-sheet  contents  and  amide  hy- 
drogen  exchange  rates  of  the  enzyme  in  the  absence  of 
ligands or locked  in  several  stages  of  the  enzyme  cata- 
lytic  cycle by MgADP, Mg-vanadate, and MgATP-vana- 
date. No difference  larger  than 2% was  found in the  a-he- 
lix or p-sheet content of the H+-ATPase in different 
conformational  states.  However,  when  the  rate of 
hydrogeddeuterium  exchange  monitored by the  evolu- 
tion of the area  of  amide I1 and  amide 11' is decomposed 
into three components, the number of amide protons 
characterized by a  short  exchange  rate (1.1 min)  falls 
from 38% of the  protein  amide  protons  (or 37% in  the 
presence of Mg2' alone) to 2427% in the presence of 
Mg-vanadate and MgATP-vanadate and to 1Wo in the 
presence of  MgADP.  These results  suggest  that  the  con- 
formational changes known to  occur  when  the H'- 
ATPase interacts  with  the  above  ligands  are  predomi- 
nantly  tertiary  structure  changes. 
The P-type ATPases  form a family of ATPases  constituted of 
one  or  two  polypeptide  chains  and  use  the  free  energy  ofATP  to 
generate  ion  gradients  across a variety of different biological 
membranes.  Prominent  members of this class of transporter 
are the Ca2+-ATPase  from  sarcoplasmic  reticulum,  the H+/K+- 
ATPase  from  the  gastric  mucosa, the Na+/K+-ATPase of animal 
plasma  membranes  and  H+-ATPases  from  fungal  plasma  mem- 
branes. All of these  enzymes share a common  molecular  mech- 
anism which  involves a phosphorylated  intermediate,  and all 
are inhibited  by  vanadate at p~ concentrations.  Even  though a 
number of intermediates of the  catalytic ycle can  be  recognized 
by  indirect  approaches, little is known  about  the  structure of 
these  proteins at the  different stages of their catalytic cycles. 
The  neurospora  enzyme is a particularly  simple  P-type  ATPase, 
since its activity is contained in a single polypeptide chain 
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(Scarborough  and  Addison,  1984)  and  since  monomers  catalyze 
both  ATP  hydrolysis  and  proton  pumping  (Goormaghtigh e  al., 
1986).  Conformational  changes in the enzyme  structure  have 
been detected by limited trypsinolysis experiments (Addison 
and Scarborough, 1982). In the absence of ligands or in the 
presence of MP, the  enzyme is rapidly  degraded  into  small 
pieces. In the  presence of MgATP-vanadate  or  Mg-vanadate, 
trypsinolysis  produces  two  remarkably  stable  peptides of ap- 
parent M, -95,000 and 88,000. In the  presence of MgADP, only 
the M, -88,000 peptide is observed. The exact  localization of 
the trypsin sites at the N terminus has been  determined  by 
Mandala  and Slayman (1988). A description at the  molecular 
level of the  conformational  changes  indicated  by  these  limited 
proteolysis  experiments is, however,  still  missing. We show in 
the present communication that Fourier transform infrared 
spectroscopy  (FTIR)' is a useful tool for  obtaining  quantitative 
data  about the secondary  and  tertiary  structure of the Neuro- 
spora  crassa  H+-ATPase  molecule  locked  into  several  different 
conformations  by specific ligands. 
EXPERIMENTAL PROCEDURES 
Hi-ATPase  Isolation-The N. crassa plasma membrane H+-ATPase 
was isolated by the large scale procedure as described  previously (Smith 
and Scarborough,  1984;  Scarborough  1988).  The  purified  ATPase was 
placed in a 0.5 m~ phosphate buffer (pH 6.8), containing various 
amounts of lyso-PG by running 350 pg of the purified  ATPase (1 ml) on 
a Sephadex G-50 (Pharmacia) column (1 x 25  cm) equilibrated with this 
buffer at 1 mumin at room temperature (20 "C).  The fractions contain- 
ing about 90% of the ATPase were concentrated to approximately 5 
mg/ml using RCF-ConFilt-hollow fiber bundles ( M ,  cutoff 6000; Bio- 
Molecular  Dynamics).  ATPase activity was assayed in a medium con- 
taining the following constituents: 4 p1 of 0.1 M EDTA(pH  6.8 with "is), 
10 pl of 0.1 M NaN,, 10 pl of  200 mM MgATP (pH 6.8 with Tris), 8 pl0.5 
M (NH,),SO,, 58 pl of 0.1 M Mes-Tris (pH 6.8), and either 10 pl of 5 mg/ml 
bovine brain extract (Folch fraction I) (Scarborough and Addison,  1984) 
or 10 pl of water. Reactions  were initiated by addition of approximately 
1 pg  of protein and allowed to proceed  for 5 min at 30  "C.  They  were 
stopped by addition of 100 pl of 5% SDS. Inorganic phosphate released 
was estimated as described  before  for this enzyme  (Scarborough,  1988). 
Protein concentration was determined by the method of Lowry  et al. 
(1951) as modified  by Bensadoun and Weinstein  (1976). 
Infrared Spectroscopy-Attenuated total reflection infrared (ATR- 
FTIR) spectra were obtained on a Perkin-Elmer 1720X  FTIR spectro- 
photometer equipped with a liquid nitrogen cooled mercury  cadmium 
telluride detector at a resolution of 4 cm".  256 scans were averaged for 
each measurement. After  every  four scans, reference spectra of a clean 
germanium plate were automatically recorded by a sample shuttle ac- 
cessory and ratioed against  the recently run sample spectra. The spec- 
' The abbreviations used are: FTIR, Fourier transform infrared spec- 
troscopy; ATR, attenuated total reflection; WD: hydrogeddeuterium; 
lyso-PG, lysophosphatidylglycerol. 
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trophotometer was continuously purged with dry air. The internal re- 
flection element was a germanium ATR plate (50 x 20 x 2 mm, Harrick 
EJ2121) with an  aperture angle of 45", yielding 25 internal reflections. 
Measurements were carried out at  20 "C. Thin films were obtained by 
slowly evaporating a sample containing 50 pg of protein on one side of 
the ATR plate  under  a stream of nitrogen (Fringeli and  Giinthard, 1981; 
Goormaghtigh and Ruysschaert, 1990). The ATR plate was then sealed 
in a universal sample holder (Perkin-Elmer)  and  deuterated by flushing 
the sample compartment with D,O-saturated N, (room temperature) for 
3 h. Determination of the protein secondary structure by analysis of the 
shape of the deuterated amide band has been described previously 
(Cabiaux et al., 1989; Goormaghtigh et al., 1990). 
Hydrogen /Deuterium Exchange-Films containing 50 pg of protein 
were prepared on a germanium plate as described above. Nitrogen gas 
was saturated with D,O by bubbling through a series of five vials 
containing D,O. In each vial, the nitrogen was passed through  a Milli- 
pore 0.8-pm filter wetted with D,O. The flow rate of 75 mumin was 
controlled by a Brooks flow meter. Bubbling was started at  least 1 h 
before starting  the experiments. At the zero time, the tubing was con- 
nected to the cavity of the sealed chamber surrounding the film. 12 
spectra were recorded and averaged at  a resolution of 4 cm" for each 
kinetic time point. A computer program was written to drive the spec- 
trophotometer during the kinetics measurements. At  the beginning of 
the kinetics measurements,  spectra were recorded every 15 s. m e r  the 
first 2 min, the time  interval was logarithmically increased. After 16 
min, the interval between the scans was large enough to allow the 
interdigitation of a second kinetics measurement. A second sample 
placed on another ATR setup of the Perkin-Elmer  sample shuttle was 
then analyzed with the same time sampling with a 16-min offset by 
connecting the D,O-saturated N, flow in series with the first sample. 
From this time on, our program changed the  shuttle position to follow 
both kinetics measurements. Before starting  the deuteration, 10 spec- 
tra of each sample were recorded in order to test  the stability of the 
measurements  and the reproducibility of area determination. Usually, 
one of the samples placed on the  shuttle was prepared in  the absence of 
ligands and the other was prepared in the presence of a ligand as 
indicated. This procedure allowed us to test  the reproducibility of the 
experiment under identical conditions. A background deuteration  kinet- 
ics measurement recorded with the same germanium plate at  the same 
position in  the sample shuttle but in  the absence of sample was recorded 
and  subtracted from the  data recorded in  the presence of the sample. 
This allowed us to take into account the unavoidable variations in the 
atmospheric water content inside of the spectrophotometer. The sub- 
traction of the background kinetics measurement was made more ac- 
curate by adopting the following automated procedure: a  subtraction 
coefficient was first computed as  the ratio of the  area of the atmospheric 
water band integrated between 1565 and 1551 cm" on the sample 
spectrum  and on the corresponding background spectrum. The subtrac- 
tion coefficients obtained for each kinetic time point were then plotted 
against the time  and the resulting curve was fitted with a 4th order 
polynomial. Values of the subtraction coefficients obtained from the 
polynomial were finally used. The areas of amides I, 11, and 11' were 
obtained by integration between 1702-1596, 1596-1502, and 1492- 
1412, respectively. For each spectrum, the  area of amide I1 and amide 
11' was divided by the  area of amide I. This allowed us to  take  into 
account small but significant variations of the overall spectral  intensity 
due in  part to  the presence of  D,O which induces minor swelling of the 
sample  layer  and therefore increases the average distance between the 
protein sample  and the germanium interface. Since the ATR spectrum 
intensity depends on this distance (Harrick, 1967), this results in a loss 
of a few percent of the band  intensity for all measured bands. Undeu- 
terated spectra were recorded before the kinetics measurement experi- 
ments as explained above, and 100% deuterated  samples were obtained 
after the experiments by placing the samples in 50-ml capped tubes 
containing 2 ml of D,O at 100 "C for 30 min. In such conditions, the 
intensity of amide I1 fell  from 47% of the intensity of amide I to 2% of 
the intensity of amide I (not shown). This is in agreement with the weak 
contribution of amino acid side chains in the amide I and amide I1 
region that we have described elsewhere (Goormaghtigh et al., 1994). 
The area of amide I1 and 11' (relative to the  area of amide I) was finally 
expressed between 0 and 100% for each kinetic time point. 
Materials-Vanadate-free ATP,  ADP, lyso-PG, and bovine trypsin in- 
hibitor were from Sigma, and D,O was from  Merck (Germany). Distilled 
water was used throughout the experiments. All other  reagents were of 
the highest  purity available. 
RESULTS 
We have shown previously that  the lyso-PG.ATPase complex 
is a hexameric  assembly of active ATPase monomers which is 
water-soluble (Chadwick et al., 1987; Hennessey and Scarbor- 
ough, 1988). In a first  step we determined  the concentration of 
lyso-PG which best  activates ATP hydrolysis. This was found to 
be 5 pg/ml of free lyso-PG which is  best obtained by running  the 
purified ATPase on a Sephadex G50 column equilibrated  with 
this lyso-PG concentration, as described under "Experimental 
Procedures." At this optimal lyso-PG concentration, the specific 
activity of the ATPase is 20 pmol of  ATP hydrolyzed/midmg of 
protein. The Fourier transform ATR infrared  experiments  in- 
volve the formation of a film by gentle drying of the sample on 
a germanium  crystal  under a stream of nitrogen. In order to 
mimic these conditions, we prepared films of the lyso- 
PG.ATPase in  glass  test  tubes which were incubated for differ- 
ent period of time at  room temperature. Importantly, we found 
that  the specific activity of the lyso-PG.ATPase contained in 
films incubated for up  to 120 min  was not altered by this  treat- 
ment  after  rehydration  in aqueous buffer. We also established 
that  the lyso-PG.ATPase can be frozen in liquid nitrogen and 
kept at  -20 "C for weeks without loss of activity. This  property 
allowed us to  perform numerous experiments with  the  same 
stock solution of lyso-PG.ATPase. 
IR-ATR spectra of the lyso-PG.ATPase recorded in  the ab- 
sence and  in  the presence of ligands known to induce ATPase 
conformational changes are reported in Fig. 1. Full access of the 
ligands to all the ATPase molecules is obtained by forming the 
film in  the presence of the ligands. The two main  bands located 
around 1654 and 1544 cm" are assigned to  the  amide I and 
amide I1 vibrations of the protein. The weak band at 1732 cm" 
is assigned to  the  ester t.(C=O) from the lyso-PG. The position 
of amide I at 1654 cm-' indicates a relatively  high amount of 
a-helix in  the protein and  the low frequency shoulder near 1632 
cm" indicates the presence of significant amount of p-sheet 
(Byler and  Susi, 1986; Goormaghtigh et al., 1994). For the  sake 
of the comparison, the  spectra of the predominantly  a-helix- 
containing  protein bacteriorhodopsin (Henderson a t  al., 1990) 
reconstituted in L-a-dimyristoylphosphatidylcholine vesicles 
(amide I at 1658 cm-l and amide I1 at 1543 cm") and of the 
predominantly p-sheet Escherichia coli porin (Cowan et al., 
1992) reconstituted in L-a-dimyristoylphosphatidylcholine 
vesicles (amide I at 1629 cm" and  amide I1 at 1526 cm") are 
reported on the same figure. The shape of amide I for the 
undeuterated lyso-PG-ATPase in  the absence and presence of 
the various  ligands is very  similar. The secondary structure of 
the lyso-PG-ATPase was analyzed from the  shape of amide I of 
deuterated samples after  Fourier self-deconvolution and curve 
fitting  as detailed in Goormaghtigh et al. (1990). Spectra were 
recorded in  the absence of ligands and  in  the presence of the 
following species: M e ,  Me-vanadate, MgATP-vanadate, 
MgADP (concentrations as in Fig. 1). The secondary structure 
is reported  in Table I for the ligands tested. Clearly, the sec- 
ondary  structure of the ATPase changes little upon binding of 
the various  ligands. 
Since the secondary structure of the protein  undergoes little 
modification in  the presence of the various  ligands known to 
lock the enzyme in different structures  as indicated by its sen- 
sitivity to proteolysis, it is probable that  the  tertiary  structure 
changes of the protein are responsible for the observed differ- 
ences in proteolytic sensitivity (Addison and Scarborough, 
1982). For a near-constant secondary structure  and  other con- 
stant  experimental conditions, including  pH and  temperature, 
the  rate of WD exchange can be used as an indicator of tertiary 
structure changes.  A series of spectra recorded as a function of 
the deuteration time in the absence of ligands appears in 
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FIG. 1. Infrared spectra between 1800 and 1400 cm” of the 
N. c r a m  plasma  membrane  H+-ATPase and two reference 
proteins. 20 pl containing 50-100 pg  ofATPase in a 0.5 mM phosphate 
buffer  (pH  6.8)  containing 5 pg/ml of lyso-PG and  the  various  ligands 
were  used  to form films as described  under  “Experimental  Procedures.” 
Spectrum a ,  no ligand  added;  spectrum b, 10 mM MgSO,; spectrum  c,  10 
m~ MgSO,, 0.1 m~ vanadate;  spectrum  d,  2 m~ MgATP, 0.1 mM vana- 
date (sodium salt); spectrum e, 2 mM MgADP. Spectra f and g are, 
respectively, the  spectra of bacteriorhodopsin and E. coli porin recon- 
stituted  in L-a-dimyristoylphosphatidylcholine vesicles as described in 
(Goormaghtigh  et  al.,  1990).  Spectra  have  been  rescaled  to  the  same 
amplitude  and offset. 
TABLE I
Secondary  structure of the N. crassa  plasma  membrane 
ATPase determined  in  the  presence of different  ligands (see Fig. I )  
by analysis of the  shape of the  amide I band  according to 
Goomaghtigh  et  al.  (1990) 
a-Helix P-Sheet Turns Random coil 
% % % % 
No ligand  39  30  16  14 
MgSO4 37  32  16  14 
MgS0,-vanadate 38 31 18 13 
MgATP-vanadate 40 32 15 13 
MgADP 38 32 15 14 
Fig. 2. Clearly the  amide I1 area  (near 1550 cm”) decreases as 
a  function of time  and  the  amide 11’ area increases. The de- 
creasing  area of amide I1 (near 1550 cm”) and  the  increasing 
area of amide 11’ (near 1450 cm”) computed between 0 and 
100% as explained under “Experimental Procedures” is re- 
ported in Fig. 3 for samples  prepared  in  the absence or presence 
of different ligands. I t  immediately appears from Fig. 3 that  the 
exchange is faster  in  the absence of ligands or in  the presence 
of MgSO, than  in  the presence of MgATP-vanadate, MgS0,- 
vanadate,  and MgADP. Since the H/D exchange is a first  order 
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FIG. 2. Infrared spectra between 1800 and 1400  cm” of the N. 
crussu plasma membrane H+-ATPase in a 0.5 m~ phosphate 
buffer containing 5 pg/ml of lyso-PG at pH 6.8 in the absence of 
ligands. Spectra  were recorded as a function of the  time of exposure  to 
D,O-saturated N, which is  indicated  (in  minutes)  in the  right  margin of 
the figure.  Negative  times  refer  to  spectra recorded before starting  the 
deuteration  procedure.  Integration of the  area of amide I, amide 11, and 
amide 11‘ was  performed  using the  base  lines  indicated by the dotted 
lines  drawn  between  the  intersection of the  spectra  with  the vertical 
lines  (see  “Experimental  Procedures”). 
t o  display a multiexponential decay corresponding to the dif- 
ferent groups, i, of amides characterized by a common period Ti, 
H(t) = Z a ,  exp(-tlT,) (Eq. 1) 
where ai is the proportion of the group i. A  nonlinear fitting of 
all the curves of Fig. 3 without  constraints by Equation 1 for i 
= 1-3 yields three periods T,, T,, and T3. Since the periods TI ,  
T,, and T3 were similar for all the kinetics curves analyzed, 
their average values were computed and found to be 1.1 5 0.8 
min, 8.4 5 3 min, and 368 2 155 min, respectively. In order to 
compare the proportions a, of each  amide  group for the different 
curves for identical Ti values, a second fitting  was performed 
with  setting  the T, to their  average  value determined above. 
Results of this analysis are reported in Table 11. No change 
larger  than 2% appeared  in  these proportions when the periods 
were set  to  their  average value,  indicating the  general validity 
of the  average T, values used for the comparison. 
DISCUSSION 
The profound effects of several ATPase substrates  and  tran- 
sition state analogues on the susceptibility of the H+-ATPase to 
degradation by trypsin were reported in a previous communi- 
cation (Addison and Scarborough, 1982). These results were 
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area of amide I1 (0) and  amide 11' (A) 
FIG. 3. Percentage of the maximum 
reported as a  function of the  deutera- 
tion time for the N. crmsa plasma 
membrane  H+-ATPase in a 0.5 m~ 
phosphate buffer containing 5 pg/d 
of lyso-PG  at pH 6.8. a,  no ligand added; 
b,  10 m~ MgSO,; c, 10 mM MgSO,, 0.1 mM 
vanadate; d ,  2 mM MgATP, 0.1 m~ vana- 
date; e, 2 m~ MgADP. Left panel, reported 
between 0 and 25 min. Right panel, 
reported  between 0 and 125 min. 
25  
25 
0 Y- : 
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TABLE I1 
recorded in the presence of different ligands (see Fig. 1) 
Proportion a ,  az, a d  a,  in the erchange kinetic curue 
of three exponential components characterized by a half-decay 
of TI = 1.1, Tz = 8.4 and T3 = 368 min 
Numbers in parentheses are the number of amino acid residues in- 
volved. 
a1 a2 a3 
% % 70 
No ligand 38  (350) 19  (175) 43  (395) 
MgSO, 37  (340) 21  (193) 42  (386) 
MgS0,-vanadate 27  (248) 20  (184) 52  (478) 
MgATP-vanadate 24  (221) 25  (230) 51  (469) 
MgADP 19  (175) 30  (276) 51  (469) 
interpreted to indicate that upon binding of MgADP, the 
ATPase assumes its substrate binding  conformation and upon 
binding MgATP plus vanadate or M e  plus vanadate alone, it 
is locked in a conformation similar to that  it assumes during 
the transition state of the enzyme  dephosphorylation  reaction 
(Addison and Scarborough,  1982;  Scarborough,  1992).  Both the 
shape of the amide I peak which is conformation-sensitive (Fig. 
1) and further analysis of its shape by Fourier self-deconvolu- 
tion and curve fitting (Table I) indicate that the secondary 
structure of the H+-ATPase is not  significantly  affected by the 
presence of these ligands. A similar conclusion has been 
reached on the basis of our circular dichroism investigation 
(Hennessey and Scarborough, 1990). Other P-type ATPases 
have been  shown  not o be  affected in their secondary structure 
by a variety of ligands (Csermely et al., 1987)  or only to  a very 
small extent (Arrondo et al., 1987; Barth et al., 1991;  Buchet et 
al., 1991).  FTIR, as used here, has been  claimed to be less prone 
to artifacts in this regard than CD (compare Gresalfi and 
Wallace (1984) with Chetverin and Brazhnikov (1985)). It 
should  be  added that  the secondary structure analysis used in 
the present study does  not  significantly  depend on the degree of 
H/D exchange extent as soon as the  fast exchanging  protons 
belonging  mainly to loopsand random coil structures have  been 
exchanged.  From an analysis of the spectra obtained after dif- 
ferent deuteration times (not shown), it appears that  the final 
secondary structure  is reached (within less than 1%) after 2 
min of deuteration, in agreement with  previous  observations 
(Goormaghtigh et al., 1993). Finally, we must mention that 
from the present data, compensatory  changes in  the secondary 
structure cannot be ruled out but seem far less likely. We there- 
fore suggest that  the predominant structural changes that oc- 
cur in  the ATPase  molecule as  it proceeds through its catalytic 
cycle are  tertiary  in  nature. 
Hydrogen  isotope  exchange has long  been  used  for the anal- 
ysis of protein structure and dynamics (for reviews,  see 
Englander and Kallenbach  (1984) and Kim (1986)). It identifies 
submolecular  motional  domains, including fast exchanging  pro- 
tons of the protein surface, somewhat  slower  exchanging  pro- 
tons of the flexible  (loop)  regions  buried in  the protein, slow 
exchanging  protons  involved in secondary structures (exchange 
rate depends on accessibility to the solvent), and the slowly 
exchanging  protons from the protein core  formed  by the most 
rigid clusters of amino  acids. This slowly exchanging core has 
been related for several proteins to the initial folding  core dur- 
ing the sequence of events leading to the protein folding  (Kim et 
al., 1993). 
The interpretation of the WD exchange kinetics reported 
here in terms of tertiary  structure changes in the H+-ATPase 
requires a careful examination of the  data.  First, except for 
differences in  the added ligands, all the experimental condi- 
tions should be kept constant, including  pH, temperature, and 
the protein secondary structure. As noted  above, the secondary 
structure of the H+-ATPase  does  not  change  significantly in  the 
presence of the various ligands, but  the stability of a number of 
secondary structures could  be  affected without gross modifica- 
tion of the  structure itself. This would have a significant effect 
on the exchange rates. However, changes in secondary struc- 
ture stability involve  hydrogen  bond  modifications and in turn 
significant spectral changes in  the amide I and amide I1 region 
(for a review,  see  Goormaghtigh et al. (1994)).  Analysis of the 
FTIR spectra of the H+-ATPase indicates that such changes do 
not take place  upon addition of ligands. Another  concern in  this 
study was that the ligands might catalyze  or  nonspecifically 
slow down the WD exchange rates. As a control for this, we 
incubated the bovine pancreatic trypsin inhibitor in  the ab- 
sence of ligands and in  the presence of Mg-vanadate as done  for 
the H+-ATPase.  Since  Mg-vanadate is not a specific  ligand of 
bovine trypsin inhibitor, only the non-specific general effects, if 
any, of this ligand on the exchange rate should appear. The 
experiment (not shown) indicated clearly that no  effect of  Mg- 
vanadate could  be measured for  bovine trypsin inhibitor. This 
experiment simultaneously indicates adequate control of the 
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pH in  the films,  since the exchange rate  is strongly  pH-depend- 
ent.  In another control experiment we added increasing 
amounts of the ATPase  solution  to the ATR plate (from 10 to 
280 pg of protein) in order to check whether the film thickness 
could hinder the penetration of D,O and slow down the ex- 
change kinetics. Analysis of the  results indicated that  the ki- 
netics recorded with the thicker films  were identical to these 
recorded  for thin films.  This is in agreement with the diffusion 
coefficient of water across lipid bilayers which reaches tens of 
pm/s (Fettiplace and Haydon, 1980; Finkelstein, 19871, i.e. 
more than the film thickness per second. Another question 
raised by the ATR method is that  the protein behavior in a film 
could  be different from the protein behavior in solution. This 
problem has been addressed quite exhaustively before with 
regard to the determination of secondary structures on films 
(Goormaghtigh et al., 1990; Goormaghtigh and Ruysschaert, 
1990; Demel et al., 1990; Goormaghtigh et al., 1994) and the 
validity of hydrated films to analyze protein structure assessed. 
From these considerations it appears that under the hydration 
conditions  used for protein secondary structure determination, 
there  is at least as much water per protein molecule as in many 
protein crystals which are clearly acceptable  subjects for struc- 
ture analysis. On the other hand, comparing  exchange rates in 
protein crystals versus exchange rates  in solution has been a 
matter of debate. It has been  shown using lysozyme that  as 
soon as a single water monolayer can be formed about the 
protein (hydration level  above 0.15 g of water/g of protein), the 
exchange rate reaches its maximum (Schinkel et al., 1985; 
Rosenberg, 1986). However, in other cases, exchange in the 
crystal was slowed  down,  most  probably  owing to lattice con- 
tacts between proteins rather  than because of a lack of D,O 
solvent  accessibility  (reviewed by Englander and Kallenbach 
(1984)). In the case of a membrane protein, being  embedded in 
a two-dimensional layer is  the  natural situation, and film  for- 
mation is not  expected to enhance lattice contacts. It must be 
mentioned that, in the absence of a lipid  bilayer, the ATPase 
molecules cannot adopt a specific orientation with respect to 
the ATR plate. Finally, it has been  shown  before that the hex- 
americ structure of the H+-ATPase is maintained in the pres- 
ence or in  the absence of different detergents, including lyso- 
PG, and ligands (Hennessey and Scarborough, 1988; Chadwick 
et al., 1987). Therefore, no ligand-mediated aggregation is ex- 
pected to play a role in  the exchange kinetics we have  observed. 
It  is  thus reasonable to conclude that the ligand  effects we have 
observed are related only to  the protein tertiary  structure. 
As summarized in Table 11, of about 350 possible fast ex- 
changeable amide  protons (in the absence of ligand or in  the 
presence of Mg2' alone), 102 or 129 are protected in  the pres- 
ence of Mg-vanadate or MgATP-vanadate, and 175 are pro- 
tected in  the presence of MgADP. The  protected  amide  protons 
are changed to medium or slow exchanging  species in Table  11. 
These results  are quite consistent with the limited trypsin deg- 
radation experiments; in the absence of ligands or in  the pres- 
ence of Mg2' alone, the H+-ATPase is rapidly degraded into 
numerous small fragments; in  the presence of Mg-vanadate or 
MgATP-vanadate, an 88-kDa and a 95-kDa peptide are pro- 
tected; and in  the presence of MgADP, a single  88-kDa  peptide 
is protected  (Addison and Scarborough, 1982). Clearly a qual- 
itative match exists between the proteolytic and the WD ex- 
change experiments. 
The retardation of exchange is  a function of the reactivity of 
the NH group, partially determined by the involvement of am- 
ide hydrogen in hydrogen bonding and, partially due to its 
accessibility to the solvent. The variations observed in the ex- 
change rate upon addition of ligands could therefore be as- 
cribed to a decrease of the molecular surface in contact with the 
solvent andor to a decrease in the molecular fluctuation in- 
volving tightening of the molecular architecture (Woodward et 
al., 1982). This is consistent with the closing of a cleft around 
the ligands which would subtract a substantial part of the 
protein surface from  access to  the aqueous  solvent as has been 
suggested before  (Scarborough, 1985,1992). The  opening of the 
molecular structure and the resulting greater accessibility of 
the H+-ATPase surface area to the solvent in the unliganded 
enzyme might readily explain the extreme sensitivity of the 
H+-ATPase to  tryptic degradation in the absence of ATPase 
ligands when  compared  with the liganded structures (Addison 
and Scarborough, 1982). 
In conclusion, the  data accumulated in  the present commu- 
nication indicate that  the environment of 10-20% of the amino 
acid residues of the N. crassa plasma membrane  H+-ATPase is 
modified when the enzyme assumes the  substrate binding and 
transition state conformations it assumes during the catalytic 
cycle. The  secondary structure of the H+-ATPase is not  signifi- 
cantly affected. 
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